We describe the design, synthesis and characterization of five high Stokes shift quadrupolar heteroaryl compounds suitable as fluorescent probes in bio-imaging. In particular, we characterize the photophysical properties and the intracellular localization in Human Umbilical Vein Endothelial Cells (HUVEC) and Human Mesenchymal Stem Cells (HMSCs) for each dye. We show that, amongst all of the investigated derivatives, the 2,5-bis[1-(4-N-methylpyridinium)ethen-2-yl)]-N-methylpyrrole salt is the best candidates as selective mitochondrial tracker. Finally, we recorded the full emission spectrum of the most performing -exclusively mitochondrial selective -fluorescent probe directly from HUVEC stained cells. The emission spectrum collected from the stained mitochondria shows a remarkably more pronounced vibronic structure with respect to the emission of the free fluorophore in solution.
Introduction
Fluorescent molecular probes operating in the Vis-NIR region are today widely used in cell biology [1, 2] , biochemistry [3] , biophysics [4] , genomics [5] , neurology [6] , and cancer diagnosis [7] . The most advanced derivative so far proposed is the green fluorescent protein (GFP) [8] . GFP is a peptide, the peculiar amino acid sequence of which leads to folding in the presence of oxygen. The resulting complex is a fluorophoric unit. Even if GFP shows advanced specific performances and an intrinsic very low toxicity, there is still a strong interest in synthetic fluorophores with absorptions tunable according to the target-specific requirements, large signal-to-noise ratio in the fluorescence detection, selective localization and easy synthetic access [9] . Within this context, cationic probes are regarded with particular interest due to their preferential localization within tumor cells [10] . Moreover, the availability of structure-properties relationships which relate physico-chemical characteristics of fluorophores with their preferential intracellular localization is a valuable feature to design better performing cationic probes [11] . In particular, the group of Horobin has already shown thatat comparable dye concentrations in the staining medium -mitochondrial localization is favoured for probes having cationic character and extended planar aromatic portion (though still below a certain conjugated bond number, i.e. CBN <40, where the CBN is defined as the total number of conjugated bonds in the structure so that for example the CBN of benzene is 6 and that of butadiene is 3). Lysosomial localization, one of the most relevant competitive processes, can be favored by a decrease in lipophilicity [11] . This can be quantified by the Logarithm of the probes octanol-water partition coefficient (logP) [12] . In general, mitochondrial localization occurs for 5 >log P >0 whilst lost of mitochondrial selectivity is observed for either hydrophilic (logP <0) or highly conjugated dyes (CBN >40). Indeed, high values of CBN usually provide an increased tendency to protein binding, leading to a protein/fluorescent probe complex. The latter is generally localized in the lysosomes. Also, at high probe concentration (e.g. in the case of poorly fluorescent dyes), there is no selective localization. We previously communicated the design, synthesis, and two-photon absorption (TPA) characterization of a dicationic heterocycle-based quadrupolar TPA dyes family. In particular, derivative 1a, is a selective, strongly TPA mitochondrial fluorescent probe [13, 14] . Having in mind this scenario, we here describe the staining capabilities of four structural variations of the parent dye 1a (Scheme 1).
Scheme 1.
Derivatives 1a-c differ only for the nature of the substituent on the pyridic nitrogens. In particular, the variation in the probe polarity is intended to mimic the effect that a bioconjugation process through quaternarization of the nitrogen atoms has on the overall staining capabilities. This is an often neglected but relevant issue since the functionalization with a selective carrier, a very common strategy for the selective delivery of a given bioactive molecule, may lead to spoil the intrinsic localization feature of the fluorescent probe. Derivatives 2 [15, 16] and 3 [17, 18] both of them possessing a general structure already validated in the context of linear and TPA fluorescent probes, were selected in order to explore the role of conjugated bridges having increasing lipophylic character as well as higher CBN.
Results and discussion
2.1. Design and synthesis of the fluorescent probes.
We modified the lipophilicity of class 1 derivatives by choosing different alkylating agents for the quaternarization of the common precursor 4 (Scheme 2). Quaternarization of 4 with methyl tosylate gave 1a in good yields. While in our previous investigations we prepared 1a as the corresponding trifluoromethanesulphonate salt, in the present paper we used the tosylate for consistency with the other functionalization derivatives. A similar reaction performed with benzyl bromide, followed by counterion exchange with silver tosylate, for analytical purposes, gave the original derivative 1b. Finally, quaternarization of 4 with 2-methoxyethyl trifluoromethanesulfonate smoothly gave 1c.
Scheme 2.
This straightforward synthetic procedure is particularly suitable for the introduction of more complex functionalities to be employed in bioconjugation. For example, we already described and successfully exploited for bioconjugation a number of reactive analogs of 1a such as the isothiocyanate and maleimido derivatives 1d and 1e, respectively [19] . Alongside with the variation of liphophilicity we explored in class 1 derivatives, we also studied the influence of the CBN by substituting the pyrrole core with the more conjugated carbazole (derivative 2) and fluorene (derivative 3). Thus, carbazole derivative 5 was treated with -BuLi at low temperature followed by quenching of the thus obtained dilithiated species with excess DMF to give the dialdheyde 7. Knoevenagel condensation with 1-methylpicolinium trifluoromethanesulphonate gave derivative 2 in good yield. Such protocol differs from the one originally employed by Wong and co-workers for the preparation of the corresponding iodide [20] . Derivative 3 was prepared according to an analogous procedure starting from the commercially available fluorene derivative 6, with comparable results (Scheme 2). Figure 1 shows the absorption and emission spectra of compounds 1-3 in phosphate buffered saline (PBS). Their corresponding extinction coefficients and fluorescence quantum yields are reported in Table 1 . A broad and almost featureless band dominates all of the absorption spectra. This can be attributed to intramolecular charge transfer Donor-Acceptor transition between each electron donor core and the pyridinium electron acceptor units. Such a broad absorption is a favorable feature for fluorescent molecular probes, as it enables excitation over a large range of wavelength (400 -600 nm), making their use compatible with a variety of commercial light sources. As expected, the residues in the terminal nitrogen atoms affect only marginally the electron accepting ability of the pyridinium moieties, and thus the absorption and emission spectra of 1a-c are almost superimposable. On the other hand, substitution of the pyrrole core with carbazole and fluorene results to a blue shift of the absorption spectr of derivatives 2 and 3. This is in accordance with the decreasing donating character in the pyrrole, carbazole, fluorene series. All of the probes show a remarkably large Stokes shift, up to 6000 cm [a] Wavelength of absorption band maximum ±0.5 (nm).
Spectroscopical characterization in solution
[b] Wavelength of emission band maximum ±0.5 (nm).
[c] Stokes shift ±30 (cm −1 ).
[
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[e] Fluorescence quantum yield.
In vitro staining capabilities
Dealing with the staining capability and selectivity, we previously reported that derivative 1a localizes selectively in the mitochondria of Human Umbilical Vein Endothelial Cells (HUVEC) [13, 14] . Indeed, 1a has a cationic character, a CBN of 23, and its logP is slightly negative. If we look at this result from the Horobin's perspective (permanent monocationic mithocondrio-tropics have lipophilic character with 5 >log P >0), the slight hydrophilicity of probe 1a (negative logP) is effectively counterbalanced by its additional charge (Z = 2). Now we quantitatively measured the lipophilicity of derivatives 1b, 1c, 2 and 3 along with their staining capabilities on HUVEC and Human Mesenchymal Stem Cells (HMSCs), as determined by confocal fluorescence microscopy imaging. Table 2 summarizes intracellular localization, logP, largest conjugated frame bond number (FCB) and CBN for derivatives 1-3. Figure 2 shows the fluorescence images of HMSCs stained with derivatives 1a-c. In all of the cases we used the same fluorescent probe concentration and incubation time. Figure 1A shows that the mitochondrial selectivity we previously observed for derivative 1a (as the corresponding trifluoromethanesulphonate) in HUVEC is maintained in HMSCs. Figure 1B shows that a similar selectivity characterizes derivative 1c. Conversely, derivative 1b leads to a scattered vesicular pattern concurrently with the near disappearance of the mitochondrial staining capabilities. This is particularly evident from the co-localization experiment shown in Figure 1E where we used the selective [a] Preferential localization in mitochondrial (M) and/or lysosomes (L).
[b] Logarithm of the octanol-water partition coefficient ±0.1.
[c] Largest conjugated fragment.
[d] Conjugated bond number.
mitochondrial marker Mitotracker Deep Red 633 (Commercially available, Molecular Probes) to unambiguously identify mitochondria. While the hydrophilicity of derivative 1b (logP = -0.4) is similar to those of 1a (-0.5) and 1c (-0.6), the CBN of 1b (35) is considerably higher than those of 1a and 1c (23 in both cases). Nevertheless the value of CBN of 1b barely approaches that required for an extensive loss of mitochondrial selectivity (CBN >40). Coherently, 1b is neither mitochondrial nor lysosomial specific.
In Figure 2 .3 we report the confocal images of HUVEC incubated with derivatives 2 and 3. Interestingly, the nature of the conjugated bridge influences the selectivity as well. Derivative 3 selectively stains mitochondria being the most lyphophilic derivative (logP = +0.8) of the dicationic probes herein reported, despite a CBN of 33. On the other end, 2 is basically aspecific with a propensity for lysosomial accumulation due to a less pronounced hydrophobic character (logP = +0.1) which is not sufficient to contrast the protein-binding capabilities provided by a value of CBN of 33. Figure S9 of the Supporting Information shows the cytotoxicity histograms for derivatives 1a-c, 2 and 3. Apart from the cytotoxic probe 3, all other derivatives are completely nontoxic up to 10 µM concentration.
In vitro fluorescence characterization
Modern fluorescent bioassays require that high performing probes not only show the required signal to noise ratio and selective localization, but also that their electronic properties be somewhat influenced by non-covalent interactions with biological targets [21] . The availability of the selective mitochondria probe 1a, prompted us to look for such variation in the electronic captionConfocal images of HUVEC incubated with a 10 µM solution of compound 2 (A-B) and compound 3 (C-D) for 30 min.
properties of the probes, and thus in the emission properties. In this case, we used HUVEC cells. In fact, from our previous experience [13] , we knew that in this case the mitochondria selectivity is complete. Thus, in order to exclude any parasite fluorescence signal not originated from mitochondria, we decided to use HUVEC instead of HMDCs.
We thus recorded the full emission spectrum directly from the cell culture. Figure 4 shows that the emission band is only marginally shifted with respect to that recorded in PBS solution, possibly due to local polarity effects in the cell environment. More interestingly, a closer comparison between the shape of the two emission bands shows that in the latter case the vibronic structure is more pronounced. This is usually the consequence of a decrease in the molecule vibrational freedom and is thus circumstantial evidence for a binding event leading to molecular stiffening. We are currently investigating this effect also using fluorescence lifetime spectroscopy.
Conclusion
In conclusion, we reported the synthetic, biological and photophysical characterization of five heteroaryl compounds. These quadrupolar dyes possess a broad absorption over the visible spectrum and a high Stokes shift ensuring good signal-to-noise ratio despite their modest fluorescence quantum yields. In addition, we observed accumulation in either HUVEC/HMSC mitochondria or lysosomes by means of confocal fluorescence microscopy. We rationalized the selective accumulations observed in terms of hydrophilicity series and number of conjugated bonds pertaining to the main conjugated fragment. In particular, the characterization of the class 1 derivatives shows that even limited variations in the molecular structure of fluorescent probes can strongly affect their selectivity. This result implies that even highly specific fluorescent probes, once conjugated with another molecule, could lose their native selectivity. We also succeeded in recording the dye fluorescence spectrum in vitro directly from stained cells. In the case of complete mitochondrial selectivity (derivative 1a), we observed an evolution of the vibronic structure of the emission band. This interesting effect is at this time under further investigation.
Experimental section 4.1. Partition coefficients
The lipophilic and hydrophilic properties of the new dyes were characterized by determining the log P, the logarithm of their partition coefficients, between 1-octanol and water. Chromophores were added to 1-octanol. The test tubes containing octanol and water were inverted and shaken at least 50 times in order to establish equilibrium of the two phases. The subsequent separation of the phases was obtained by centrifugation and the concentration for each dye in both PBS and octanol was determined. The log P values were calculated using the relationship:
where the subscripts "w" and "o" refer to water and ethanol respectively and "i" and "f" refer to the concentrations before and after partitioning, respectively. The concentrations were determined by measuring the maximum absorption in water in experimental conditions that hold Beer-Lambert law. Determinations were repeated three times.
Intracellular localization
We determined the intracellular localization of 1-3 compounds with Laser Scanning Confocal Fluorescence Microscopy using a laser scanning confocal microscope, BioRad MRC1024 mounted on an upright fluorescence microscope (Nikon E600) equipped for the observation and acquisition of images in the interferential contrast mode (DIC) or, alternatively, with Leica TCS SP2 coupled to an epifluorescence microscope Nikon Optiphot II, 63x water immersion objective. Dye fluorescence was excited with the 488 nm Argon laser line and detected through a long pass filter above 515 nm. Cells were seeded on 2% gelatin-coated cover glasses and cultured at 37°C and 5% CO 2 up to 50-70% confluence in 1) M199 medium supplemented with 10% fetal calf serum, 150 µg/ml ECGF, and 5 U/ml heparin (HUVEC) or 2) DMEM supplemented with 10% fetal calf serum, 500 µg/mL streptomycin sulfate, 600 µg/mL penicillin, 50 µg/mL gentamicin, and 2.5 µg/mL amphotericin B (HMSCs). The medium was then removed and the cells were washed twice with phosphate buffered saline (PBS) and incubated at 37°C and 5% CO 2 in PBS containing the appropriate dye. For each compound we optimized the concentration (2 to 10 µM) and the incubation time (15 min to 1h).
Characterization of probes stability
Derivatives 1a-c, 2 and 3 were dissolved in PBS at a 10 −5 M concentration. Solutions were exposed to direct sunlight irradiation for a total of three weeks. Figure 4 shows the solution residual absorption (% ABS with respect to the first measurement) as a function of the exposition time.
Direct, in vitro, fluorescence collection
Micro-photoluminescence spectra in HUVEC cells have been collected with a home-made setup based on a Nikon Eclipse 80i confocal microscope, equipped with a fibercoupled 532 nm DPSS Green Laser Module (LaserWorld) as light source. Reference confocal images of the cells were firstly collected in order to localize the dye within the biological environment. The light emitted from a 5 µm × 5 µm area was accordingly collected and detected through a fiber-coupled 190 mm polychromator equipped with a N 2 -cooled CCD camera. The obtained fluorescence spectra were corrected for instrumental spectral re- 
The synthetic route for compound 1c is shown in Scheme S2. A solution of trifluoromethansulfonic anhydride (2.045 g, 7.25 mmol) in 3 mL of dry dichloromethane was added to a solution of 2-metoxyethanol (0.443 g, 5.82 mmol) in 15 mL of dry dichloromethane cooled at 0°C. After 4 hours the organic phase is washed with 5x40 mL of distilled water and dried over sodium sulfate. Removing of the solvent at reduced pressure gave a colorless oil (0.150 g, 0.72 mmol, 15%). 1 H-NMR (CDCl 3 )δ 4.62 (t, 2H, J = 4.24), 3.70 (t, 2H, J = 4.46), 3.41 (s, 3H). 2-methoxyethan-1-triflate was diluted with 5 mL of anhydrous acetonitrile and added to a solution of compound 7 (50 mg, 0.17 mmol). After stirring overnight the solvent was removed under reduced pressure and the residue obtained was crystallized from 2-propanol affording a purple solid (73 mg, 10.4 mmol, 60% 
The synthetic route for compound 2 is shown in Scheme S3. The reaction was carried out under nitrogen. A suspension of NaH 60% dispersion in mineral oil (0.15 g, 3.7 mmol) was washed with 10 ml of dry 1-hexane and then suspended in 10 ml of anhydrous DMF. A solution of 3,6-dibromo-9H-carbazole 5 (1.00 g, 3.1 mmol) in 10 ml of anhydrous DMF was added to the reaction mixture. Iodomethane (0.23 ml, 3.7 mmol) was added dropwise after 30 minutes and the reaction mixture was heated at 80°C for 7 h. The intermediate 6 was collected by filtration after cooling the solution to room temperature (0.85 g, 2.51 mmol, 82%): m.p. 151-153°C. The carbazole derivative 6 (0.50 g, 1.47 mmol) was dissolved in 20 ml of anhydrous THF and the solution was cooled at -80°C. A solution of butyllithium 1.6 M (1.8 ml, 2.9 mmol) in hexanes was added dropwise and the reaction mixture was stirred for 30 minutes. Anhydrous DMF (0.24 ml, 3.1 mmol) was added and the reaction mixture was allowed to warm up to room temperature. The mixture was poured into an aqueous solution of 2 g of ammonium acetate in 200 ml of water and extracted with 3x30 ml of CH 2 Cl 2 . The organic phase was washed with 2x100 ml of water and was dried over sodium sulphate. The residue obtained by evaporating the solvent at reduced pressure was crystallized in 
The synthetic route for compound 3 is shown in Scheme S4. The fluorene derivative 8 (1.7 g, 3.1 mmol) was dissolved in 30 ml of anhydrous THF and the solution was cooled at -80°C. A solution of butyllithium 1.6 M (12 ml, 7.4 mmol) in hexanes was added dropwise and the reaction mixture was stirred for 30 minutes. Anhydrous DMF (0.60 ml, 8.0 mmol) was added and the reaction mixture was allowed to warm up to room temperature. The mixture was poured into an aqueous solution of 2.5 g of ammonium acetate in 250 ml of water and extracted with 4 × 40 ml of CH 2 Cl 2 . The organic phase was washed with 2 × 200 ml of water and was dried over sodium sulphate. The residue obtained by evaporating the solvent at reduced pressure was purified by column chromatography over silica gel (eluent AcOEt:MeOH 20:1) to afford 9 as a yellow oil (0.55 g, 1.23 mmol, 45%). A solution of 9 (0.50 g, 1.1 mmol), picoline (0.20 g, 2.7 mmol) and 1,4-dimethylpyridinium triflate (0.70 g, 2.7 mmol) in 10 ml of ethanol was refluxed for 8 hours. The solvent was removed under reduced pressure giving a oil that was taken up with ETP. The resulting solid was washed with hot 2-butanone giving the title compound as a yellow solid. (0.67 g, 0.73 mmol, 65% 
Cytotoxicity essays (MTT test) for derivatives 1a-c, 2, 3
The cytotoxicity in the dark of compounds 1-3 has been assessed using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) kit, designed for the spectrophotometric measurement of cell growth as a function of mitochondrial activity in living cells. The MTT is a simple, accurate, reproducible method for measuring cell viability via mitochondrial dehydrogenase activity. Mitochondrial dehydrogenases of viable cells cleave the tetrazolium ring, yielding purple MTT formazan crystals which are insoluble in aqueous solutions. The crystals can be dissolved in acidified isopropanol. The resulting purple solution is spectrophotometrically measured. An increase in cell number results in an increase in the amount of MTT formazan formed and an increase in absorbance at 570 nm. The experiment has been performed on HUVEC (Human Umbilical Vein Endothelial Cells) cultured in24-wells plates. Cells have been treated with a 10 µM chromophore solution up to 48 h, and then incubated in the dark with MTT for 4 h at 37°C. MTT reduction by intact cells was performed in 96-well plates containing 150 µL medium / 150 µL dye solution. Absorbance values were determined at 570 nm. 
